Introduction
Estuary is an area where the saltwater and freshwater meet together. Hence density current occurs due to the density difference of water mass. The combination of the currents due to horizontal pressure gradient under non-uniform density distribution and all the thermohaline circulations caused by temperature and salinity is called density current. For its characteristics, inrush depth is determined by the difference of fluid density and the reduced gravity (g') governs advection rate.
To analyze the characteristics of density current, many researches have been conducted by several methods: Theoretical (e.g. Shanack, 1960; Benjamin, 1968) , experimental (e.g. Simpson, 1969; Huppert and Simpson, 1980; Marmoush et al., 1984) , and observational (e.g. Wakimoto, 1982; Mueller and Carbone, 1987) studies were conducted to analyze the density current. Furthermore, Thomas et al. (1998) and Thomas et al.(2004) studied the density current propagating on porous layer through a hydraulic model experiment. Gray et al.(2006) studied propagation characteristic of density current on the slope, and Farhanieh et al.(2001) studied it numerically.
For 3-D researches, Lal and Rajaratham(1977) Meanwhile, according to the development of computer performance and numerical technique, many numerical models have been employed for the simulations in estuary. With these numerical models, characteristics of flow field of density current has been analyzed (e.g. Patterson et al., 2005; Cantero et al., 2006; Hormozi et al., 2008) and they are often applied to the sites out of experimental conditions (e.g. De Cesare et al., 2006; Sato et al., 2006) .
In the numerical analysis of density current, it is important to calculate the material concentration, which affects fluid density, and advection-diffusion equation is applied to most numerical simulations in order to estimate the concentration. In the advection-diffusion equation, the advection terms, which are under absolute control of flow velocity, are dependent on a hydrodynamic model, but the diffusion terms are inevitably influenced by the diffusion coefficient in large amount. Therefore, it is important to estimate diffusion coefficient in the calculation of density current.
In the conventional numerical calculation without turbulence Blumberg, 1977; Pacanowski and Philanders, 1981) . Currently, various turbulence models have been developed, and the eddy viscosity coefficient calculated from the turbulence model is generally used for the horizontal diffusion coefficient, and vertical diffusion coefficient is recalculated with application of Schmidt Number (S c ) or Prandtl Number (P r ), which is described as the ratio between the eddy viscosity and diffusion, according to the type of turbulence model, grid system, etc (e.g. Farhanieh et al., 2001; Lesser et al., 2004) . In addition, Sato et al.(2006) , who used the 3-D numerical model, selectively applied eddy viscosity coefficient calculated with large eddy simulation (LES) and diffusion coefficient that is calculated by substituting R i and S c . This study covers the hydraulic model test for the advectiondiffusion of seawater according to initial salinity and bottom conditions (permeable/impermeableness, particle diameter and inclination).
Through quantitative and qualitative analyses of the results, the characteristics of density current will be discussed. Furthermore, it will provide basic data for evaluating the diffusion coefficient applied to the numerical simulations for density current.
Experimental Setup and Procedure

Description of Hydraulic Model
Fig. 1 is a conceptual diagram of hydraulic model experiments with particle image velocimetry (PIV) system, and the water basin was fabricated with transparent acrylic panels for the basic experiment regarding to the density current. The water basin is 165 cm long, 20 cm wide, 40 cm high, and 25 cm depth, and it is divided into two compartments; one compartment is for the saltwater and the other one is for the freshwater. In Fig. 2 , the water basins are filled with the saltwater and freshwater in the initial condition.
In density current experiments according to the bottom conditions, the water depth is 15 cm for the impermeable condition, and for the permeable condition (Fig. 3) , the bottom of compartment is raised by 10 cm and the freshwater compartment is filled with sand or pebble with 10 cm thickness. Then, the water depth becomes 25 cm. The basic experiment about the density current for this study consists of watercolor experiment and PIV experiment, and the same experimental condition is repeated two times.
Experimental Conditions and Measurement
Experiment using Flow Visualization
In the flow visualization experiment, the saltwater is colored as shown in Fig. 3 , and 39 cases of experimental runs are conducted.
For this experiment, both bottom conditions of permeable and impermeable are considered, where average particle diameters (d p ) are 0.2 mm and 2.5 mm, and the inclinations (B s ) are 1:0 (cliff), 1:2, 1:3, 1:5 and 1:∞ (horizontal plane). The initial salinity is 10 psu, 20 psu, and 30 psu. In addition, the initial conditions are listed in Table 1 for the experiments related to the temperature, salinity and density of water. Here, the water density is calculated by empirical formula which was proposed by Gill(1982) . S 0 , T 0 , and ρ 0 mean the salt, temperature and density of saltwater, and T f and ρ f mean the temperature and density of freshwater, respectively. g` is a reduced gravity and calculated as Δg/ρ f (Δρ is the density difference between the saltwater and freshwater; and g is the gravitational acceleration).
In this experiment, the saltwater behavior according to advectiondiffusion of density current is captured with 1920pixel×108pixel camera in 0.04 sec interval. The salinity is measured on equilibrium of pressure (when the water is static with the flow velocity of 0 cm/s) after removing the partition, and it is measured at 75 cm away from the partition starting 0.5 cm from the bottom with 1 cm vertical interval. Reduced gravity The conditions for PIV experiment are the same as the watercolor one but the temperature condition, which has effect on the water density, is different. The temperature and density of water are shown in Table 2 .
The PIV system for this study consists of a high-speed camera, computer to control the camera, laser to be lit on particles, mirror to control a laser sheet, and the particles equally mixed in the water.
Here, the laser is a green laser sheet 1,000 m/G with wavelength of 3.52 × 10 -5 cm and the particles are high porous type synthetic adsorbents with specific gravity of 1.01 g/cm and effective size of 2.5 mm.
In this experiment, the movements of particles in 50cm×40cm area are recorded for 16.37 sec (1,637 frames at 100 frames/s) with a high-speed camera having the shutter speed of 1/2,000 sec and 1280pixel×1024pixel resolution. Then, a commercial software (DIPP- Where, h 0 is the initial depth and x 0 is the length of a compartment. In Fig. 5 , when the initial salinity is high in the compartment, the density difference between saltwater and freshwater increases, resulting in higher g', which affects the spreading rate. Thus, when g' increases, the acceleration influencing the saltwater increases so that the advection speed of saltwater increases until the pressure gradient is balanced. In other words, bigger the density difference between the two fluids is, higher the reduced gravity resulting in faster movement of saltwater is. Comparing Figs. 5(a)-5(b), Karmann vortex occurs because of Kelvin-Helmholts instability when the reduced gravity (density difference) becomes higher. According to this, more saltwater spread is expected, and it will be discussed through the comparison and analysis of flow/vorticity fields and vertical salt concentration, which are obtained from PIV system. In Fig. 8 , the behavior of advection-diffusion of saltwater has a similar shape with the impermeable bottom condition (Fig. 7) , but the spread speed decreases due to the permeable bottom as mentioned in
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Figs. 6(b) and 6(c). Also, the characteristics according to the diameter of permeable slopping bottom show different head size and shape of saltwater due to the shear force caused by the roughness of slopping bottom and the velocity of saltwater intrusion into a permeable bottom.
More detailed study will be available through the experimental results of various permeable bottom conditions, and it is not appropriate to discuss further this issue in this study.
With these results, the difference of spreading characteristics with bottom conditions can be explained through the analysis of flow field and vorticity field obtained with the PIV system, and the influence on advection-diffusion of saltwater is analyzed.
Flow and Vorticity Field Characteristics on Density Current
In this study, by analyzing the particle track from PIV system using of Raffel et al.(1998) and Raffel et al.(2007) in order to calculate the vorticity in the x-z plane rotating around y-axis. Here, the clockwise vorticity is expressed in a positive value and the counterclockwise one is expressed in a negative value.
3.2.1 Characteristics due to Initial Salinity Fig. 9 shows the flow field and vorticity field according to advectiondiffusion of saltwater in the compartment; Fig. 9 (a) is for the initial salinity of 10 psu and Fig. 9(b) is for the initial salinity of 30 psu in the compartment. Given that this is the result when the head of )with higher spreading rate of saltwater. This phenomenon implies that there is an active saltwater spread.
Characteristics due to Bed Condition
Fig . 10 shows the flow field and vorticity field by advectiondiffusion of saltwater; Fig. 10(a) is the permeable bottom condition of diameter 2.5 mm and Fig. 10(b) is the slopping bottom condition of 1:2. This is the result when the 20 psu saltwater of compartment reaches x/x 0 2.5; Fig. 10(a) is t 5.75 sec and Fig. 10(b) is t 4.34 sec.
Here, the red shows the clockwise vorticity and the blue shows the counterclockwise one. As mentioned above, the spreading rate of saltwater proceeding on the permeable ground by density difference decreases due to the shear stress applied in/out of the surface influenced by the bottom roughness and the saltwater seeping into the ground.
In Fig. 10(a) , the flow velocity on the bottom decreases and the head shape of saltwater changes, resulting in the distribution of flow field and vorticity field different from the impermeable bottom condition (Fig. 9) . Furthermore, because of the decreased spreading rate of saltwater, less vortex shedding can be observed.
In Fig. 10(b) , the flow field and vorticity field show completely different shape from the flat bottom condition. When the saltwater spreads along the slopping bottom, it moves in a mass weakening Kelvin-Helmholtz instability of interface and becomes stable, so Karmann vortex does not develop well.
From the results of flow field and vorticity field, it is found that, when reduced gravity (density difference) increases, spread speed of saltwater increases and shedding of Karmann vortex develops due to the Kelvin-Helmholtz instability in the boundary interface. In addition, different bottom conditions form different flow field and vorticity field.
This phenomenon is considered to have great influence on the saltwater spreading on the interface.
Vertical Distribution of Salinity
Before the discussion of salinity, it is important to mention that this experiment measured vertical distribution of salinity when the pressure was balanced (i.e. all the flow velocities are 0 cm/s). However it is difficult to analyze dependent variable (salinity) according to independent variables such as bottom inclination and bottom permeability. The reason is the fact that it moves along the longer flat bottom until the pressure is balanced after the saltwater passes through slopping bottom, so the effect of slopping bottom cannot be isolated. In addition, when there is a slopping bottom, the distribution In Fig. 11 , the salinity is widely distributed in the vertical direction due to the increased spreading rate of saltwater mass when the S 0 of compartment increases and due to the spread of saltwater by Karmann vortex and vortex shedding at the interface. According to these experimental results, saltwater spread is governed by the vortex and vortex shedding at the interface, and it has great influence on the vertical distribution of salinity.
Concluding Remarks
In this study, hydraulic model experiments to which PIV system applied were conducted in order to understand the hydrodynamic characteristics of advection-diffusion of saltwater according to the bottom conditions (impermeable/permeableness, diameter, and inclination) and the differences of initial salinity. Considering the quantitative and qualitative results from the experiment, the characteristics of density current were discussed and they can be summarized as the followings:
(1) The spreading rate of saltwater by advection-diffusion due to the density difference increases as acceleration, which can be described as the reduced gravity, when reduced gravity (g`) increases (density difference increases).
(2) The spreading rate of saltwater due to the advection-diffusion on the impermeable ground decreased due to the bottom roughness and in/out-side shear stress of surface by the saltwater seeping into the ground. In addition, it decreased more when the bed material of permeable bottom was coarse.
(3) In case of advection-diffusion of saltwater falling along the slopping bottom, it moved in a mass so the head develops and it had an oval shape. And it showed relatively stable shape comparing to the flat bottom condition.
(4) Due to the effect of saltwater spreading along the bottom, there is freshwater inflow in the opposite direction on top layer, and this phenomenon becomes stronger when reduced gravity becomes stronger. 
